Rationale (−)-Stepholidine is a tetrahydroberberine alkaloid that is known to interact with dopamine receptors and has also been proposed as a novel antipsychotic agent. Its suggested novelty lies in the fact that it has been proposed to have D1-like receptor agonist and D2-like receptor antagonist properties. Thus, it might be effective in treating both positive and negative (cognition) symptoms of schizophrenia. However, its activity on specific dopamine receptor subtypes has not been clarified, especially with respect to its ability to activate D1-like receptors. Objectives We wished to examine the affinity and functional activity of (−)-stepholidine at each of the human dopamine receptor subtypes expressed in a defined cellular environment. Methods D1-D5 dopamine receptors were stably expressed in cell lines and their interactions with (−)-stepholidine were examined using radioligand binding and various functional signaling assays. Radioligand binding assays were also performed using bovine striatal membranes.
Introduction
The neurotransmitter dopamine is a known regulator of many important neuronal processes that include motor control, cognition, reward, and memory. Changes in dopaminergic signaling are also associated with various neuropsychiatric disorders such as Parkinson's disease, schizophrenia, drug addiction, and others. The actions of dopamine are mediated by five dopamine receptor subtypes (D1R-D5R), which are grouped by structure and function into the D1-like (D1R and D5R) and D2-like (D2R, D3R, and D4R) subfamilies. The D1-like receptors couple to Gs/olf proteins that activate adenylyl cyclase, leading to increased cAMP accumulation, whereas the D2-like receptors couple to Gi/o proteins that inhibit adenylyl cyclase activity (Beaulieu and Gainetdinov 2011; Missale et al. 1998; Sibley and Monsma 1992) . It is not surprising that compounds targeting dopamine receptors are of great interest from the viewpoint of drug development and clinical use. In fact, one of the most highly validated drug targets in neurology and psychiatry is the D2R. However, most drugs targeting dopamine receptors are problematic, typically exhibiting side effects due to the activation or blockade of other receptormediated signaling pathways. More selective and efficacious agents that target dopamine receptors are thus desired.
(−)-Stepholidine is a tetrahydroberberine alkaloid, originally isolated from the Chinese herb Stephania intermedia, which has been used in traditional Chinese medicine to treat various maladies (Mo et al. 2007; Yang et al. 2007 ). The effects of (−)-stepholidine on regulating various dopaminergic systems involved in the treatment of disease have also been examined. (−)-Stepholidine has been purported to display a variety of therapeutic actions including enhancing the effects of typical antipsychotics, and improvement of antipsychotic-induced dyskinesias (Mo et al. 2007 ). Furthermore, it has been reported that (−)-stepholidine relieves motor symptoms of Parkinson's disease when co-administered with L-DOPA or bromocriptine (Jin et al. 2002) , and may slow the progression of neuronal degeneration in Parkinson's patients ). (−)-Stepholidine has also been reported to have antipsychotic-like effects in reducing amphetamine-and phencyclidine-induced locomotion as well as in conditioned avoidance response (Natesan et al. 2008 ) and prepulse inhibition paradigms (Ellenbroek et al. 2006) .
With respect to the actions of (−)-stepholidine on specific dopamine receptor subtypes, all evidence to date suggests that it is an antagonist of D2-like receptors, however, since most studies were performed using behavioral outputs or ex vivo tissue assays, the effects on individual receptor subtypes could not be determined (Jin et al. 2002; Mo et al. 2007; Yang et al. 2007 ). The actions of (−)-stepholidine on D1-like receptors have been significantly more controversial and difficult to discern. It has variously been reported as an antagonist Xu et al. 1989; Zou et al. 1997 ), a partial agonist (Sun et al. 1996; Yang et al. 2007 ), or a full agonist (Jin et al. 2002; Mo et al. 2007; Natesan et al. 2008) at D1-like receptor responses. Behaviorally, in unilateral 6-hydroxy-dopamine lesioned rats, (−)-stepholidine was shown to induce contralateral rotation, which was attributed to its stimulation of supersensitive D1Rs as the response was blocked by a D1-likeselective antagonist Jin et al. 2002) . Biochemically, the primary functional assay used to characterize (−)-stepholidine has been adenylyl cyclase stimulation, mostly using membranes prepared from brain tissue. Here, the results have also been mixed, although some studies have shown that (−)-stepholidine stimulation of cAMP production could be blocked by a D1-like-selective antagonist (Dong et al. 1997b; Jin et al. 2002) . On the basis of these collective studies, it has been widely assumed that (−)-stepholidine has dual actions on dopamine receptors functioning as an agonist at D1Rs and an antagonist at D2Rs (Jin et al. 2002; Yang et al. 2007) . Such a receptor profile might be particularly useful as an antipsychotic as it would block mesocortical and mesolimbic D2Rs to diminish the positive symptoms of schizophrenia (Kapur and Mamo 2003) and stimulate prefrontal cortical D1Rs to reverse disease-related decreases in cognition (Abi-Dargham et al. 2002) .
Importantly, as noted above, most of the effects of (−)-stepholidine on dopamine receptors have been studied in animals or animal tissue, where the actions on specific receptor subtypes cannot be discerned. This raises the possibility that (−)-stepholidine might interact with other receptors, or signaling proteins, which are either responsible for eliciting the measured response or involved in modifying the response through indirect means. In this regard, it should be noted that (−)-stepholidine has been shown to be a potent agonist of 5-HT 1A serotonin receptors (Gao et al. 2011; Mo et al. 2010) . A potential further complication is that (−)-stepholidine likely interacts with both D1-like and D2-like receptors in vivo, which may produce counteracting effects. Finally, the main biochemical pathway that has been used to characterize the signaling activities of (−)-stepholidine is the adenylyl cyclasecAMP system. However, it is now known that dopamine receptors can signal through alternate pathways, such as β-arrestin-mediated outputs (Beaulieu et al. 2009; Shenoy and Lefkowitz 2011; Urs et al. 2011) . Moreover, it is now well accepted that agonist ligands can be biased to selectively activate one signaling pathway over another, even when mediated by the same receptor (Rominger et al. 2014; Urban et al. 2007; Violin et al. 2014 ). This phenomenon has been referred to as biased agonism or functional selectivity and has been observed for dopamine receptors (Allen et al. 2011; Chen et al. 2012; Free et al. 2014; Lane et al. 2008) . This raises the possibility that some of the disparate effects observed for (−)-stepholidine could be due to biased signaling, especially within the D1-like receptor subtypes.
In this study, we have taken the approach of investigating the actions of (−)-stepholidine using homogenous dopamine receptor subtypes (D1R-D5R) expressed heterologously in cell lines. Using these defined environments, we have evaluated multiple signaling outputs, especially those mediated by the D1R. We also investigated if (−)-stepholidine would bind in an agonist-like fashion to D1-like receptors in membranes prepared from bovine brain. Using these receptor-specific signaling paradigms, as well as the brain membrane studies, we were unable to identify any agonist-like activity in response to (−)-stepholidine stimulation. These data serve to clarify the actions of (−)-stepholidine by ruling out signaling bias within dopamine receptors, and suggest that previously observed responses with (−)-stepholidine are due to pandopamine receptor antagonism or interactions with other receptors or signaling molecules.
Materials and methods

Materials
(−)-Stepholidine was obtained from two independent commercial suppliers, Stanford Chemical (Irvine, CA), and Biorbyt (Cambridgeshire, UK). Compounds were tested inhouse via NMR to confirm purity (>99 %) and structural accuracy. Identical results were obtained with batches from both suppliers. All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. All tissue culture media and components were obtained from Mediatech, Inc. (Manassas, VA).
Cell culture HEK293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with a final concentration of 10 % fetal bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, 1 mM sodium pyruvate, and 10 μg/ mL gentamicin. CHO-K1 cells were maintained in Ham's F12 media supplemented with a final concentration of 10 % fetal bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, 800 μg/mL geneticin, and 300 μg/mL hygromycin. Cells were incubated at 37°C with 5 % CO 2 and 90 % humidity. They were dissociated using either calcium-free Earle's balanced salt solution (EBSS) for HEK293T cells or Cellstripper (Corning, Manassas, VA) for CHO-K1 cells, collected by centrifugation at 900×g for 10 min, and plated mechanically.
Radioligand binding assays
Radioligand competition-binding assays were conducted with slight modifications as previously described by our laboratory (Chun et al. 2013 ) using the same cell lines as those used for the functional assays. HEK293 cells stably transfected with human D1R, D2R, D3R (Codex Biosolutions, Inc., Gaithersburg, MD), or CHO cells stably transfected with human D4R or D5R (DiscoveRx Inc., Fremont, CA), were dissociated from plates using calcium-free EBSS (D1R-D3R) or Cellstripper (Corning, Manassas, VA) (D4R and D5R) and collected by centrifugation at 900×g for 10 min. Cells were resuspended in 5 mM Tris-HCl and 5 mM MgCl 2 , pH 7.4 at 4°C, and lysed using Dounce homogenization. Cell lysate was centrifuged at 30,000×g for 30 min and the membranes were resuspended in EBSS with calcium at pH 7.4. Resuspended membranes (4-18 μg protein depending on receptor subtype) were incubated for 90 min at room temperature with competing ligands and either 0.5 nM [
3 H]-SCH23390 (D1R and D5R), or 0.5 nM [ 3 H]-methylspiperone (D2R, D3R, and D4R) in a final reaction volume of 250 μL. Non-specific binding was determined in the presence of 4 μM (+)-butaclamol. Bound ligand was separated from free by filtration through a PerkinElmer Unifilter-96 GF/C 96 well micro-plate using the PerkinElmer Unifilter-96 Harvester, followed by three 1-mL washes per well of ice-cold EBSS. After drying, 50 μL of liquid scintillation cocktail (MicroScint PS, Perkin Elmer, Waltham, MA) was added to each well, plates were sealed and analyzed on a PerkinElmer Topcount NXT™. Ki values were determined using the Cheng-Prusoff equation (Cheng and Prusoff 1973) using IC 50 values from individual experiments.
β-Arrestin-2 recruitment assay
The ability of compounds to recruit β-arrestin-2 was determined using DiscoveRx PathHunter technology (DiscoveRx Inc., Fremont, CA), which exploits the enzyme complementation of fusion-tagged receptor and β-arrestin proteins. Assays were conducted with minor modifications as previously published by our laboratory (Banala et al. 2011; Free et al. 2014) . Briefly, CHO-K1 cells stably expressing D1R, D2R, D3R, D4R, or D5R (DiscoveRx, Inc.) were seeded in CP2 media (DiscoveRx) at a density of 2,625 cells/well in 384-well black, clear-bottom plates. Following 24 h of incubation, the cells were treated with various concentrations of compounds in PBS and incubated at 37°C for 90 min. DiscoveRx reagent was then added to the cells according to the manufacturer's recommendations followed by a 30-60 min incubation at room temperature. Luminescence was measured on a Hamamatsu FDSS μCELL reader (Hamamatsu, Bridgewater, NJ). Data were collected as relative luminescence units (RLU) and subsequently normalized to a percentage of the control luminescence seen with a maximum concentration of dopamine, with zero percent being RLU seen in the absence of any compound.
DiscoveRx cAMP accumulation assay cAMP assays were conducted using the DiscoveRx HitHunter assay kit (DiscoveRx Inc.), according to the manufacturer's recommendations. Cells stably expressing the human D1R, D5R (HEK293, Codex Biosolutions Inc., Gaithersburg, MD), or D2R (DiscoveRx, Inc.) were seeded at a density of 5,000 cells/well in 384-well black, clear-bottom plates. After 16-24 h of incubation at 37°C, 5 % CO 2 , and 90 % humidity, the media was removed and replaced with 5 μL/well PBS. Cells were treated with 2.5 μL of various concentrations of compound diluted in PBS, either alone (D1R and D5R) or in the presence (D2R) of an EC 80 concentration of forskolin (100 μM) plus 0.2 mM sodium metabisulfite and incubated for 60 min at 37°C, in 5 % CO 2 and 90 % humidity. DiscoveRx HitHunter reagents were then added, and cells incubated in the dark at room temperature, according to manufacturer recommendations. Luminescence was measured on a Hamamatsu FDSS μCELL (Hamamatsu Photonics K. K., Bridgewater, NJ) for 10 s. Data were collected as RLUs and values were normalized to a percentage of the maximum forskolin-stimulated cAMP signal (D2R), or the maximum cAMP accumulation seen with dopamine stimulation (D1R, D5R).
[
S]GTPγS binding assays
Membranes were prepared from HEK293 cells stably expressing the human D1R (Codex Biosolutions Inc., Gaithersburg, MD). Cells were mechanically dissociated from plates by scraping in ice-cold lysis buffer (1 mM EDTA, 20 mM HEPES, pH 7.4), and then lysed using Dounce homogenization. Cell lysate was centrifuged at 30,000×g and the membranes were resuspended in buffer containing 20 mM HEPES, 150 mM NaCl, 10 mM MgCl 2 , and 1 mM EDTA, pH 7.4. Membranes were diluted to 25 μg protein per assay reaction and incubated with vehicle or dopamine and/or (−)-stepholidine with 0.1 nM [ 35 S]GTPγS in a total volume of 100 μL for 1 h at 30°C. Stimulated binding that was not blocked by inclusion of 4 μM (+)-butaclamol was defined as non-dopamine receptor-mediated binding and was~15 % of total binding. Non-specific binding was determined in the presence of 10 μM cold GTPγS, and subtracted from all values. Assay reactions were filtered through a PerkinElmer Unifilter-96 GF/C 96 well micro-plate using the PerkinElmer Unifilter-96 Harvester, followed by three 1-mL washes using ice-cold 50 mM Tris-HCl, pH 7.4 containing 0.9 % NaCl. After drying, 50 μL of liquid scintillation cocktail (MicroScint PS, Perkin Elmer, Waltham, MA) was added to each well, plates were sealed, and analyzed on a PerkinElmer Topcount NXT™.
Calcium mobilization assays D1R-D2R-mediated calcium mobilization was assessed as previously described (Chun et al. 2013) . Briefly, HEK293T cells were transiently transfected with the human D1R and D2R and 24 h later the cells were replated into 384-well, optical, clear-bottom, black-walled plates at 30,000 cells/ well (ThermoScientific, Waltham, MA). At 48-h post-transfection, the cells were incubated for 60 min at room temperature in the dark with Fluo-8 NW calcium dye and a quencher to block any signal from extracellular calcium (Screen Quest™ Fluo-8 NW Calcium Assay Kit, AAT Bioquest, Inc., Sunnyvale, CA), as recommended by the manufacturer. Compounds (diluted in the presence of 0.2 mM sodium metabisulfite) were then added to the plates followed by reading on a FlexStation-3 (Molecular Devices, Sunnyvale, CA) using an excitation wavelength of 488 nm and an emission wavelength of 525 nm. Data were recorded and quantified as maximum minus minimum (max−min) RFU within the assay window using SoftMax Pro Software (Molecular Devices, Sunnyvale, CA) and normalized to the maximum response seen with the control agonist dopamine.
Bovine striatal radioligand binding assays Flash-frozen bovine corpus striata were obtained from Rockland Immunochemicals (Gilbertsville, PA). Small (~2.5 g) pieces of frozen striata were placed in~20 mL of ice-cold lysis buffer containing 5 mM Tris-HCl and 5 mM MgCl 2 , pH 7.4. The tissue was disrupted using a Polytron homogenizer with two 5-s bursts, and then further lysed using a glass Dounce homogenizer with 20 strokes. The lysate was then centrifuged at 30,000×g for 10 min. Membrane pellets were resuspended in wash buffer containing 50 mM TrisHCl, 5 mM MgCl 2 , pH 7.4 in a volume of 30 mL, incubated at 37°C for 15 min, and centrifuged at 30,000×g for 10 min. The membrane pellet was resuspended in 20 mL of the wash buffer and recentrifuged as above. Following the last wash, the pellet was again suspended in a small volume of assay buffer and diluted to a protein concentration of 60 μg per reaction as measured via a Bradford protein assay (Biorad). Assays were run in assay buffer, which was identical to the wash buffer but with the addition of 50 nM ketanserin, to block the radioligand from binding to 5-HT 2 -like serotonin receptors, and 0.2 mM of the antioxidant sodium metabisulfite. Membranes were incubated in triplicate for 90 min at room temperature with the indicated compounds and 0.5 nM [ 3 H]-SCH23390 in a final reaction volume of 0.5 mL. Non-specific binding was determined in the presence of 4 μM (+)-butaclamol. Bound ligand was separated from free by filtration onto pretreated (0.6 % polyethylenimine) GF/ B filter membranes using a Brandel harvester (Gaithersburg, MD), followed by washing three times with 2 mL of ice-cold wash buffer. Radioactivity trapped on the filters was determined after incubation with Complete Counting Cocktail liquid solution (RPI, Mt Prospect, IL) and counting in a Beckman scintillation counter. Competition curves were analyzed using non-linear regression analysis (GraphPad Prism) and fit to either one or two binding sites. In the case of a onesite fit, the Ki values were determined using the ChengPrusoff equation (Cheng and Prusoff 1973) using IC 50 values from individual experiments.
Results
While it has previously been demonstrated that (−)-stepholidine is capable of interacting with both D1R and D2Rs, the relative selectivity, and/or ability to bind to other subtypes of dopamine receptors is unknown outside of a limited screen by the NIMH psychoactive drug-screening program (PDSP) ( Table 1) . To characterize the affinity of (−)-stepholidine for all recombinant, and thus homogeneous, dopamine receptor subtypes, we conducted full displacement curves using competition-binding assays to both D1-like (D1R and D5R) and D2-like (D2R, D3R, and D4R) receptors using the D1-like-or D2-like-selective antagonists [
3 H]-SCH23390 or [ 3 H]-methylspiperone, respectively. As demonstrated in Fig. 1a , (−)-stepholidine is able to fully displace radioligand binding to both the D1R and D5R. These competition curves were best fit to single binding sites with Ki values of 5.1±2.3 nM, and 5.8±3.1 nM (n=3) for the D1R and D5R respectively. Figure 1b shows competition curves to the D2-like dopamine receptors, D2R, D3R, and D4R. (−)-Stepholidine completely, and uniformly, displaced specific [ 3 H]-methylspiperone binding to all receptors with Ki values of 11.6±4.2, 23.4±8.7, and 1,453±301 nM (n=3) for the D2R, D3R, and D4R respectively. These affinities are largely consistent with those reported in the PDSP database (Table 1) , with the exception of the D2R for which we observed higher potency for (−)-stepholidine. The reasons for this are unclear, but the rank order of potency is similar. Taken together, these data indicate that (−)-stepholidine displays the highest affinity for D1-like receptors and does not differentiate between the D1R and D5R. (−)-Stepholidine also exhibits relatively high affinity for the D2R and D3R, with a slight preference for the D2R. In contrast, (−)-stepholidine exhibits relatively low affinity for the D4R.
Since (−)-stepholidine has previously been suggested to have agonist activity at D1Rs in vivo (or unknowingly at D5Rs), we initially evaluated its effects in cAMP accumulation assays. Both the D1R and D5R are coupled to Gs/olf proteins that stimulate adenylyl cyclase activity and cAMP accumulation. Figure 2a shows that in cells stably transfected with the D1R, dopamine robustly stimulates cAMP accumulation. Surprisingly, (−)-stepholidine has no effect on cAMP 3 H]-methylspiperone. Radioligand concentrations were at or near the Kd of the ligand for its representative receptor as determined by independent saturation binding isotherms (data not shown). Data show means of three independent experiments performed in triplicate and expressed as a percentage of specific binding seen in the absence of any competing ligand (mean±SEM, n=3) . Ki values of (−)-stepholidine were determined using the Cheng-Prusoff equation and experimentally determined IC 50 values, and are given in the text accumulation, even when tested using a very high concentration (0.1 mM). As (−)-stepholidine has no apparent agonist activity in this assay, we examined its ability to antagonize the dopamine response. In this approach, the cells were incubated with an EC 80 concentration of dopamine along with various concentrations of (−)-stepholidine, or the reference D1R antagonist, SCH23390 (Fig. 2b) . As can be seen, both (−)-stepholidine and SCH23390 potently and fully antagonize dopamine stimulation of the D1R. The IC 50 values were determined to be 20.5±14, and 22.3±13 nM (n=3), for SCH23390 and (−)-stepholidine, respectively. Because of the importance of these findings, we replicated these experiments using a different type of cAMP assay (HTRF) (Supplemental Fig. 1 ). Importantly, we observed identical results in that (−)-stepholidine did not stimulate D1R-mediated cAMP accumulation, but potently and fully blocked the dopamine-stimulated cAMP response. The IC 50 value for (−)-stepholidine in this assay was determined to be 58±19 nM (n=4), a close approximation to that determined in Fig. 2b . Taken together, these results indicate that (−)-stepholidine does not stimulate D1R-mediated cAMP accumulation, but rather antagonizes this response.
Similar results were obtained for the D5R, which is also coupled to stimulation of cAMP accumulation. Figure 2c shows that, when cells expressing the D5R were stimulated with (−)-stepholidine, it failed to produce any measurable cAMP accumulation, despite the observation of a robust dopamine response. In contrast, when evaluated as an antagonist, (−)-stepholidine blocked dopamine stimulation of the D5R in a manner similar to that of the reference antagonist, SCH23390 (Fig. 2d) . The IC 50 values for (−)-stepholidine and SCH23390 were 27.1±22 and 20.7±16.6 nM (n=3), respectively. Notably, (−)-stepholidine's potency for inhibiting the D5R is essentially identical to that for inhibiting the D1R (22.3±13 nM), which agrees with its equivalent potency for inhibiting D1R and D5R radioligand binding (Fig. 1) . Taken together, these results indicate that (−)-stepholidine is not an agonist at D1-like receptor-mediated cAMP accumulation, but instead functions as an antagonist of these responses. Since (−)-stepholidine has been reported to act as an antagonist of the D2R in animal experimentation, we wished to evaluate its activity at the D2R in vitro. The D2R couples to Gi/o proteins that inhibit adenylyl cyclase and reduce intracellular of cAMP levels (Beaulieu and Gainetdinov 2011) . Activating adenylyl cyclase with a stimulator such as forskolin and then examining inhibition of cAMP accumulation can easily test this. Figure 3a shows that in cells stably transfected with the D2R, dopamine potently and fully suppresses forskolin-stimulated cAMP accumulation. In contrast, (−)-stepholidine has no effect on inhibiting cAMP accumulation even when tested at very high concentrations. To examine the ability of (−)-stepholidine to antagonize this response, the cells were incubated with forskolin plus an EC 80 concentration (1 μM) of dopamine to inhibit the forskolin activity, and either (−)-stepholidine or the reference D2R antagonist sulpiride. Both sulpiride and (−)-stepholidine potently and completely reverse dopamine's ability to inhibit forskolinstimulated cAMP accumulation (Fig. 3b) . The IC 50 values were 128±57 and 36.5±2.1 nM (n=3) for sulpiride and (−)-stepholidine, respectively. These data confirm the notion that (−)-stepholidine acts an antagonist of the D2R.
Given our negative results concerning the ability of (−)-stepholidine to stimulate D1R-mediated cAMP accumulation, we wished to further evaluate the activity of (−)-stepholidine on the D1R. In order to do this, we initially performed [ 35 S]GTPγS binding assays in membranes prepared from cells expressing the D1R. This assay directly measures receptor-mediated G protein activation that occurs when GTP binds to the Gα subunit of the heterotrimeric G protein causing subunit dissociation and interaction with downstream effectors (Strange 2010) . Use of the non-hydrolyzable GTP analog, [ 35 S]GTPγS, allows for the activated Gα subunit to accumulate and be quantified using a radioligand binding assay paradigm. Notably, this assay will detect activation of any G protein irrespective of the downstream second messenger. Figure 4a shows that dopamine stimulation of D1R-containing membranes results in robust [ (Fig. 4b) . In concurrence with our cAMP accumulation data, (−)-stepholidine was a potent and full antagonist of dopamine-stimulated [ 35 S]GTPγS binding exhibiting an IC 50 of 16.5±8.7 nM, n=3. These findings suggest that (−)-stepholidine is unable to activate G proteins coupled to the D1R, but instead acts as an antagonist of the D1R in vitro.
While canonical signaling pathways for dopamine receptor activation have been thought to be mediated by G proteins, a more recently characterized pathway, which is G proteinindependent, occurs through agonist recruitment of β-arrestins to the receptors. β-arrestins can act as scaffolding proteins that engender signaling by various downstream effector proteins (Luttrell and Gesty-Palmer 2010; Shenoy and Lefkowitz 2011) . In fact, Caron and colleagues have argued that inhibition of β-arrestin-2-mediated signaling in D2R-expressing neurons is correlated with antipsychotic properties (Masri et al. 2008; Urs et al. 2011; . Moreover, agonists have been identified that are functionally selective, or biased, A B Fig. 3 (−)-Stepholidine is an antagonist of dopamine-mediated G protein signaling at the D2R. a CHO-K1 cells stably expressing the D2R were assayed for agonist inhibition of forskolin-stimulated cAMP accumulation as described in the "Materials and methods" section. Cells were stimulated with the indicated concentrations of dopamine (DA) or (−)-stepholidine (SPD) resulting in an EC 50 of 150±43 nM, n=4, for dopamine, whereas (−)-stepholidine failed to produce any measurable agonist response. b For antagonist-mode assays, cells were stimulated with 100 μM forskolin, as above, along with an EC 80 concentration (1 μM) of dopamine to inhibit the forskolin activity. The cells were then incubated with the indicated concentrations of the D2R reference antagonist sulpiride, or (−)-stepholidine. IC 50 values were 128±57 nM, and 36.5± 2.1 nM, for sulpiride and (−)-stepholidine, respectively (mean±SEM, n=4). Data are expressed as a percentage of the stimulation seen with 100 μM forskolin alone, and are average curves of four independent experiments each performed in triplicate for activating either G protein-or β-arrestin-2-mediated signaling by the D2R (Allen et al. 2011; Chen et al. 2012; Free et al. 2014 ). We therefore thought that it would be important to characterize the activity of (−)-stepholidine on the recruitment of β-arrestin-2 to all dopamine receptor subtypes to determine if it exhibits any agonist activity, or functionally selective properties. We found that dopamine produced robust β-arrestin-2 recruitment to all dopamine receptors (shown in Fig. 5a for the D3R, data not shown for other subtypes). Conversely, (−)-stepholidine failed to produce any measurable recruitment of β-arrestin-2 to any dopamine receptor subtype (Fig. 5a ), despite using concentrations up to 100 μM, well in excess of its Ki values determined for each receptor subtype (Fig. 1) .
In contrast, when (−)-stepholidine was examined for its ability to inhibit dopamine-stimulated β-arrestin-2 recruitment, it was determined that it could fully antagonize this activity for all receptor subtypes (Fig. 5b) . IC 50 values for (−)-stepholidine were calculated using non-linear regression analysis of individual dose-response curves and were determined to be: D1R (4.5±1.7 nM), D2R (32.7±3.3 nM), D3R (77.7±27.8 nM), D4R (4,075±1,461 nM), and D5R (3.7±1.6 nM), expressed as mean±SEM (n=3). These values are similar to those observed for (−)-stepholidine inhibition of radioligand binding (see above) and exhibit an identical rank order of potency where D1R=D5R>D2R≥D3R>D4R. Taken together, these findings indicate that (−)-stepholidine is a relatively potent (nM) antagonist of β-arrestin-2 recruitment to all subtypes of dopamine receptors, with the exception of the D4R where it displays micromolar potency. These data suggest that (−)-stepholidine does not function as an agonist of β-arrestin-2 recruitment to any dopamine receptor subtype, but rather antagonizes dopamine stimulation of this signaling pathway.
Given the above observations, we considered other potential D1R-mediated signaling pathways where (−)-stepholidine might exhibit agonist activity. Notably, previous studies have suggested that the D1R can signal as part of a D1R-D2R heteromer complex that leads to Gq and phospholipase C (PLC) activation and intracellular Ca 2+ mobilization when stimulated (Pei et al. 2010; Perreault et al. 2014; Rashid et al. 2007) . Recently, however, we have shown that the mechanisms of D1R-D2R-mediated Ca 2+ mobilization are more complex and multi-faceted (Chun et al. 2013 ). Nonetheless, we examined the effects of (−)-stepholidine on Ca 2+ mobilization in D1R and D2R co-transfected cells. As seen in Fig. 6a , cells transfected with both receptors gave a robust Ca 2+ response upon the addition of dopamine (EC 50 = 32.3±13.2 nM, n=3). No response was observed in nontransfected cells or in cells transfected with only one receptor subtype ( (Chun et al. 2013) , and data not shown). However, when D1R and D2R co-transfected cells were stimulated with (−)-stepholidine at concentrations up to 50 μM, no Ca 2+ mobilization was detected, indicating that (−)-stepholidine is devoid of agonist activity at D1R-D2R heteromer-mediated signaling. (−)-Stepholidine was also evaluated for its ability to inhibit the Ca 2+ response using D1R and D2R co-transfected cells that were stimulated with an EC 80 concentration of dopamine (Fig. 6b) . As can be seen, (−)-stepholidine was able to fully inhibit the Ca 2+ response with relatively high potency (IC 50 =19.3±3.7 nM, n=3). These results suggest that any effects (−)-stepholidine might have on D1R-D2R heteromermediated signaling in vivo would be antagonistic in nature.
Our current data using heterologous expression systems and multiple signaling outputs have not revealed agonist activity of (−)-stepholidine at any dopamine receptor subtype. This contrasts with previously hypothesized agonist effects of (−)-stepholidine at D1-like receptors, mostly in vivo (Dong et al. 1997a; Jin et al. 2002; Natesan et al. 2008; Yang et al. 2007 ). Conceivably, the D1R might couple to some unknown factor in vivo that would alter the functional efficacy of (−)-stepholidine such that it would interact with the receptor as an agonist. In order to test this possibility, we examined the ability of (−)-stepholidine to directly interact with D1-like receptors using endogenous receptor-expressing brain tissue. Previous experiments using membranes prepared from corpus striatum and radiolabeled D1-selective antagonists showed that dopamine and other agonists compete for binding in a complex fashion indicative of high and low affinity agonist binding states (Hess et al. 1986; Leff et al. 1985; Schulz et al. 1985) where the high affinity state represents the D1R-Gs complex. However, if GTP (or GTP analogs) is included in the assay, the ability of agonists to compete for binding is diminished, mainly due to a reduction in the quantity of the D1R-Gs complex and/or the affinity of agonists for it (Hess et al. 1986; Leff et al. 1985; Schulz et al. 1985) . In contrast, GTP does not affect the competition of antagonist ligands for binding to the D1-like receptors. Using this paradigm, we characterized the ability of (−)-stepholidine to interact with the D1-like receptors in bovine striatal membranes. Figure 7a shows that dopamine displacement of the D1-like receptor-selective radioligand [ 3 H]-SCH23390 exhibits two sites of high and low affinity with Ki values of 5.3±1.7 nM and 1.6±0.4 μM, respectively. The high affinity site represents~40 % percent of the total specific binding. In the presence of GTPγS, however, the dopamine curve is shifted significantly to the right (Fig. 7a) , still exhibiting two binding sites, but the high affinity site is diminished to~19 % of the total binding and the Ki values are decreased to 10.6±7 nM (high) and 5.6±0.1 μM (low). In contrast, (−)-stepholidine competition for (Fig. 7b) . These data indicate that (−)-stepholidine does not interact with D1-like receptors expressed in brain membranes in an agonist-specific fashion, but rather appears to exhibit antagonist-like properties.
Discussion
The Chinese herbal extract (−)-stepholidine has been purported to exhibit a number of clinical effects including antipsychotic-like activity and reduction of L-DOPA induced dyskinesias, commonly seen with Parkinson's disease treatment. Despite these intriguing in vivo effects, and clear links to dopaminergic pathways, a complete pharmacological characterization of this compound on all dopamine receptor subtypes has been lacking. This study now represents the first report of (−)-stepholidine interactions with all dopamine receptor subtypes and the first time that its activity on β-arrestin signaling has been described. Using defined, heterologously expressed receptor subtypes, we found that (−)-stepholidine has the highest affinity for the D1R and D5R receptor subtypes. Moreover, it does not distinguish between these receptors exhibiting equal affinity for both, suggesting that (−)-stepholidine will bind to both D1-like receptors when administered to animals. Similarly, (−)-stepholidine exhibited high nanomolar affinity for the D2R and D3R subtypes showing potency values that were only two-to four-fold lower than those for the D1R and D5R. In contrast, (−)-stepholidine exhibited much lower affinity, in the micromolar range, for the D4R. Taken together, our results suggest that, when administered to animals using behaviorally active doses, (−)-stepholidine likely binds to the D1R, D2R, D3R, and D5R, but not the D4R. While current dogma mostly classifies (−)-stepholidine as a D1R agonist and a D2R antagonist, there are significant gaps in our understanding of this suggested signaling profile. Firstly, any purported effects on the D1R might also include the D5R. Similarly, any actions at the D2R could also be due to D3R blockade. Furthermore, its classification on D1R has been unclear possibly due to model systems, receptor preparations, or assays (for example, Sun and Jin 1992; Xu et al. 1989; Zou et al. 1997 vs Jin et al. 2002 Mo et al. 2007; Natesan et al. 2008) . For these reasons, we re-examined the functional activity of (−)-stepholidine in defined homogeneous receptor expressing systems. We also wished to see if (−)-stepholidine might exhibit functionally selective, or biased signaling properties by evaluating its activity for signaling through a non-G protein-mediated pathway, namely β-arrestin recruitment. As expected, (−)-stepholidine exhibited full antagonist activity at the D2R in both cAMP and β-arrestin assays. Using the β-arrestin-2 recruitment assay, we also showed that (−)-stepholidine functionally antagonized both the D3R and D4R, where the potency for the D3R was similar to that of the D2R while that for the D4R was much lower, consistent with the radioligand binding experiments. These results are consistent with all prior data suggesting that (−)-stepholidine is an antagonist of D2-like receptors.
With respect to (−)-stepholidine's activity on D1-like receptors, we examined a number of different functional outputs. Firstly, we evaluated its ability to stimulate cAMP production in either D1R or D5R expressing cell lines. Despite robust cAMP accumulation by dopamine, (−)-stepholidine was ineffective as an agonist in this assay using either receptor subtype. Instead, (−)-stepholidine functioned as a potent antagonist-consistent with its demonstrated high affinity for both D1Rs and D5Rs. Since these results appeared to conflict with some previous studies (Dong et al. 1997a; Dong et al. 1997b; Jin et al. 2002; Natesan et al. 2008) , we repeated these experiments using a different type of cAMP assay. Nonetheless, (−)-stepholidine was ineffective in activating the D1R with respect to this signaling output. Given these results, we decided to investigate G protein activation directly, irrespective of any downstream second messengers, using Since most prior studies that functionally classified (−)-stepholidine as a D1-like receptor agonist involved in vivo experimentation, where non-cAMP-mediated signaling could be operative, we decided to investigate if (−)-stepholidine might exhibit functionally selective properties and show agonist activity in other D1R/D5R signaling assays. Importantly, since the D1R has been suggested to also signal through β-arrestin-mediated pathways (Urs et al. 2011) , we examined (−)-stepholidine's activity for recruiting β-arrestin-2 to the D1R or D5R. However, as with the G protein-mediated assays, we found that (−)-stepholidine was ineffective in stimulating D1R-or D5R-mediated β-arrestin-2 recruitment. Rather, (−)-stepholidine was a potent antagonist of this response for both of the D1-like receptors. These results, as well as those with the D2-like receptors (see above) suggest that (−)-stepholidine is not a biased agonist at β-arrestin-mediated signaling.
There have been numerous reports in the literature that D1-l i k e r e c e p t o r s c a n c o u p l e t o P L C a c t i v a t i o n , phosphotidylinositol turnover and Ca 2+ mobilization-a Gqmediated signaling pathway (Perreault et al. 2014; Rashid et al. 2007 ). It has been further hypothesized that this activity is due to D1R-D2R heteromerization where the dimer unit switches G protein coupling specificity from Gs (D1R) and Gi (D2R) to Gq (Perreault et al. 2014; Rashid et al. 2007 ). We have partially replicated these findings in that co-expression of D1R and D2R in cells engenders dopamine-stimulated Ca 2+ mobilization while expression of either receptor alone does not (Chun et al. 2013 ). However, we also found that this response was largely blocked by specific toxins affecting the activities of Gs or Gi, thus suggesting that the mechanisms underlying D1R-D2R-mediated Ca 2+ mobilization are more complex than Gq activation alone. Nonetheless, this response could represent another D1R-mediated signaling pathway where (−)-stepholidine could exhibit agonist activity. We thus tested (−)-stepholidine's activity on the Ca 2+ response in the D1R and D2R co-expressing cells. However, as with the other signaling assays, (−)-stepholidine was devoid of agonist activity, yet potently inhibited the Ca 2+ response elicited by dopamine. Thus, despite the mechanisms involved, (−)-stepholidine is not an agonist of D1R-mediated PLC/Ca 2+ signaling.
Despite the negative results in our survey of D1R-mediated signaling pathways, we considered the possibility that the receptor might be coupled with some unknown protein or factor that would enable (−)-stepholidine to produce an active signaling state of the D1R. While dopamine receptors are known to exist in complexes of multiple proteins (Free et al. 2007) , to our knowledge, such a mechanism would be unprecedented. We therefore decided to directly examine D1-like receptor binding in membranes derived from brain tissue to see if (−)-stepholidine could produce an active binding state. This would be detected as a high affinity agonist binding site in competition curves of radiolabeled antagonist binding to the D1R (Dong et al. 1997a; Hess et al. 1986; Leff et al. 1985; Schulz et al. 1985) . We observed high and low affinity agonist binding states with dopamine competition curves of [ 3 H]-SCH23390 binding in bovine striatal membranes, in agreement with previous observations (Hess et al. 1986; Leff et al. 1985; Schulz et al. 1985) . In addition, the binding of dopamine was sensitive to guanine nucleotides as expected for a G protein-coupled state of the receptor (Skinbjerg et al. 2010) . In contrast, (−)-stepholidine exhibited a uniphasic, one site/state competition-binding curve that was insensitive to guanine nucleotides. These data indicated that (−)-stepholidine is incapable of producing an active G proteincoupled state of the D1R in endogenous expressing brain tissue.
Our characterization of the interactions of (−)-stepholidine with dopamine receptor subtypes suggests that it is a pandopamine receptor antagonist without agonist efficacy in a number of different signaling pathways. While this agrees with prior observations with respect to D2-like receptors, it conflicts with some (but not all) reports purporting agonist activity at D1-like receptors. The reasons for this are unclear, however, some possibilities exist. As discussed above, there could be an in vivo-specific signaling pathway involving the D1R or D5R that we have not examined. For instance, the D1R has been proposed to oligomerize with several other GPCRs including the D3R, histamine H3, adenosine A1, prostaglandin E1, and also the non-GPCR sigma1 and NMDA receptors (Ehrlich et al. 2013; Moreno et al. 2014; Perreault et al. 2014) . However, no unique signaling pathway has been proposed for any of these heteromeric receptor complexes, nor, with the exception of the D1R-NMDA receptor complex (Wang et al. 2012) , has their existence been widely confirmed.
A more likely explanation may involve (−)-stepholidine's ability to interact with other receptors and signaling proteins.
(−)-Stepholidine was found to bind to 5-HT 1A and 5-HT 2B serotonin, alpha 2C adrenergic, and sigma-2 receptors with relatively high affinities (Ki values=143.4, 226, 214, and 53 .4 nM, respectively, Table 1 ). Depending on the administered dose of (−)-stepholidine, it is certainly possible that it could interact with any or all of these receptor subtypes (or others that have not been identified). The functional profile of (−)-stepholidine on these other receptors has not been studied in detail, with the exception of the 5-HT 1A receptor where (−)-stepholidine was shown to act as a partial agonist (Gao et al. 2011; Guo et al. 2009 ). Notably, it has been suggested that the difference in therapeutic-like responses between (−)-stepholidine and other atypical antipsychotic drugs may involve both D2R antagonism and partial agonist activity at 5-HT 1A receptors (Gao et al. 2011; Mo et al. 2010) . Interestingly, (−)-stepholidine also exhibits relatively high affinity for the 5-HT 2B serotonin receptor and, while its functional actions on this receptor are not clear, chronic stimulation of the 5-HT 2B receptor is known to lead to cardiac valve disease (Hutcheson et al. 2011; Setola et al. 2005) . It would thus be important to characterize (−)-stepholidine's functional effects on the 5-HT 2B receptor before further consideration of its clinical use. Interestingly, (−)-stepholidine has also been shown to block Ca 2+ channels ). Conceivably, (−)-stepholidine's interactions with other neurotransmitter receptors or channels in vivo could affect neuronal circuitry, particularly in abnormal (i.e., lesioned) brain states (Sun et al. 1996; Zou et al. 1997) , that might mimic activation of D1-like receptors as observed using behavioral outputs.
Another important consideration is the potential impact of (−)-stepholidine metabolism in vivo and the possibility of active metabolites. To our knowledge, other than the report of Sun et al. (2009) , the metabolism of (−)-stepholidine has not been extensively studied. In the study of Sun et al. (2009) , (−)-stepholidine was found to be rapidly metabolized within minutes of administration; however, the activities of the identified metabolites on dopamine receptors were not investigated. Also noteworthy is the observation that small changes in the stepholidine scaffold can dramatically affect its activity at dopamine receptors (Mo et al. 2007) . It is thus conceivable that one or more of the metabolites of (−)-stepholidine is active in stimulating some aspect of D1-like receptor signaling. Clearly, this will require further investigation.
In conclusion, using homogeneous receptor subtypes in defined in vitro expression systems, we have clarified the functional activities of (−)-stepholidine on all dopamine receptor subtypes. (−)-Stepholidine was found to be a pandopamine receptor antagonist with particularly high affinity at the D1R, D2R, D3R, and D5R subtypes. This agrees with and confirms previous reports of (−)-stepholidine acting as a D2-like receptor antagonist in vivo and further shows that either the D2R or D3R, or both could mediate these activities. In contrast, our results conflict with some previous assertions that (−)-stepholidine exhibits agonist activity at D1-like receptors, especially in vivo. This study provides clarity on this point, however, and suggests that the primary activity of (−)-stepholidine on all dopamine receptors is to block their signaling.
